β-Lactoglobulin is the most abundant protein in the whey fraction of ruminant milks, yet is 7 absent in human milk. It has been studied intensively due to its impact on the processing and 8 allergenic properties of ruminant milk products. However, the physiological function of β-9 lactoglobulin remains unclear. Sedimentation velocity experiments have identified new 10 interactions between fluorescently-labelled β-lactoglobulin and other components in milk.
Introduction 33 β-Lactoglobulin is the most abundant protein in the whey fraction of ruminant milk, 34 including cow and goat milk, yet is absent in human milk. β-Lactoglobulin is known to affect 35 the processing of ruminant milk, for instance due to heat-induced aggregation during heat 36 treatment (1). It is also one of the main immunogenic proteins that contribute to milk allergies 37 (2). Considerable effort has been made to elucidate the biological and biophysical properties 38 of β-lactoglobulin and as such it is one of the most highly studied proteins, featured in the 39 title or abstract of over 4000 publications in the last 75 years. Despite many conjectures, the 40 physiological role of β-lactoglobulin remains a mystery. 41 β-Lactoglobulin belongs to the lipocalin family, which are a group of small extracellular 42 proteins. Despite considerable diversity at the sequence level, lipocalin proteins share a 43 conserved protein fold: an eight stranded β-barrel enclosing a large hydrophobic cup-shaped 44 cavity (termed a calyx), together with a 3-turn helix between the seventh and eighth β-strands 45 (3). This fold makes lipocalins well suited to binding a range of hydrophobic molecules. 46 While once simply classified as transport proteins, it is now known that lipocalins exhibit 47 great functional diversity (3) (4) (5) (6) (7) (8) (9) (10) . 48 β-Lactoglobulin was first thought to function as a transporter of retinol between mother and 49 offspring, after it was demonstrated that bovine β-lactoglobulin can bind retinol (vitamin A) 50 (11). Since then, bovine β-lactoglobulin has been shown to bind a range of small hydrophobic 51 molecules, including vitamins, cholesterol and a range of fatty acids, as reviewed by Le 52 Maux et al. (12) and Kontopidis et al. (13) . The apparent lack of selectivity makes it less 53 likely that β-lactoglobulin is a specific fatty acid or vitamin transporter. Further, given the 54 absence of β-lactoglobulin in the milk of humans, it is unlikely that this protein participates in 55 a process that is still required in humans.
56
The closest human homologue to β-lactoglobulin is glycodelin (also known as pregnancy 57 protein 14) (14). Unlike β-lactoglobulin and other lipocalins, glycodelin is a glycoprotein.
58
Glycosylation is crucial for the various functions of glycodelin, which include an 59 immunosuppressive activity in the uterus to protect products of the reproductive organs from 60 the immune system. The lack of glycosylation makes it unlikely that β-lactoglobulin is 61 capable of fulfilling a similar role. 62 β-Lactoglobulin may simply act as a source of amino acids for the offspring of the animals 63 that produce it. However, the resistance of β-lactoglobulin to digestion by human proteolytic 64 enzymes (15) and the presence of highly conserved features, including a pH-gated loop 65 movement, among β-lactoglobulin orthologues (16) argue against a simple nutritive function.
66
There have been conflicting reports on the antimicrobial activity of β-lactoglobulin. Chaneton aureus. Peptides resulting from the enzymatic digestion of β-lactoglobulin appear to possess 69 some antibacterial activity against both Escherichia coli and S. aureus in vitro (18, 19) . , while Fijalkowski et al. (20) observed that incubation of S. aureus in whey resulted 71 in growth inhibition, they found no substantial effect using pure β-lactoglobulin.
70

However
4
We reasoned that the native function of β-lactoglobulin might be uncovered if its 73 physiological interactions were known. The use of fluorescence detection analytical 74 ultracentrifugation allowed us to monitor the interactions of β-lactoglobulin in milk, a highly 75 complex colloid, for the first time. The sedimentation of fluorescently-labelled bovine and 76 caprine β-lactoglobulin are both significantly altered in the presence of cow and goat milk, a 77 signature that they interact with other components. Co-elution experiments with milk further 78 support the presence of these interactions. The results lead us to propose a new physiological 79 role for β-lactoglobulin that explains the absence of this otherwise abundant protein from 80 human milk.
82
Methods
83
Protein purification 84 The cloning, expression and purification of recombinant bovine β-lactoglobulin A and 85 caprine β-lactoglobulin have been described in detail previously (21, 22) . The degree of labelling was calculated as according to Eq. 2. A degree of labelling between windows. Cells were mounted in an An-50 Titanium eight-hole rotor. Initial scans were 118 performed at 3,000 rpm to determine the optimal settings, with sedimentation performed at 119 50,000 rpm at 20 °C. Data were collected in step sizes of 0.003 cm with no delay between 120 scans and no averaging. used for all AUC studies, using 0.1 M sodium phosphate, 0.1 M NaCl, pH 6.7 buffer. 136 Samples of skim cow milk were subjected to size-exclusion chromatography using a lactoglobulin is forming higher molecular weight species with other milk components.
135
Size-exclusion chromatography
160
A dilution series of cow and goat milk samples was prepared, to which fluorescently-labelled 161 bovine or caprine β-lactoglobulin was added to a final concentration of 0.75 µM. This is 162 much lower than the concentration of β-lactoglobulin usually found in milk (~150 µM (12)).
163
At this concentration (0.75 μM) and pH (6.7), bovine and caprine β-lactoglobulin are 164 predominantly monomeric with a small amount of dimer present (see the black lines in Fig.   165 1). The sedimentation profile changes considerably once milk is added to the solution, with 166 the appearance of a new, larger species with a sedimentation coefficient of ~8-10 S (Fig. 1) .
167
As the concentration of milk increases a greater proportion of labelled β-lactoglobulin is 168 found in complex with other components. The sedimentation velocity data were also analysed 169 using the van-Holde/Weischet method: a model-independent analysis that directly assesses 170 the shape of the sedimenting boundary. These analyses support the conclusion made from the 171 c(s) analyses that with increasing concentrations of milk the proportion of β-lactoglobulin 172 that is found in complex increases ( Fig. 1 E-H) . Different behaviours were observed for both the type of milk used and the orthologue of β-185 lactoglobulin examined. In each milk a greater amount of complex is formed for bovine β-186 lactoglobulin than for caprine β-lactoglobulin (compare Fig. 1A and 1C to Fig. 1B and 1D) , 187 despite the proteins having a very high level of sequence and structural identity (22). As the 188 8 same concentration of β-lactoglobulin was added to each sample, this suggests that the A 189 isoform of bovine β-lactoglobulin (used in these interaction studies) has a higher binding 190 affinity for the interacting component than caprine β-lactoglobulin. In goat milk, a greater 191 amount of complex is formed with both bovine and caprine β-lactoglobulin as compared to 192 that seen in cow milk (compare Fig. 1C and 1D to Fig. 1A and 1B ). As the same volume of 193 milk was added to each sample, this suggests that the interacting component has a higher 194 affinity for β-lactoglobulin or is present in goat milk at a higher concentration.
195
The sedimentation of free FITC dye is not altered in the presence of milk ( Fig. 2A) . This 196 demonstrates that FITC is not interacting with other components in milk, and is thus not 197 responsible for the peak seen at 8-10 S in Fig. 1 . We expect that fluorescently-labelled β- NaCl, pH 6.7).
214
Unlabelled β-lactoglobulin, added to milk that already contains FITC-labelled β-215 lactoglobulin, can compete for the interacting site that leads to the higher molecular mass 216 species. This can be seen in Fig. 3 as a reduction in peak size at 8 S (Fig. 3A and 3B ) and a 217 decrease in the fraction of the boundary corresponding to the larger species ( Fig. 3C and 3D) .
218
This demonstrates that the formation of the higher molecular mass species at 8 S is not due to 219 any structural changes in β-lactoglobulin induced by the addition of FITC. Curiously, the 220 sedimentation coefficient of the larger species appears to decrease, with increasing 221 concentration of unlabelled β-lactoglobulin ( Fig. 3) , suggesting that the complex is The higher molecular mass species associated with β-lactoglobulin can also be observed in an 237 unmodified sample of milk when analysed by gel-filtration chromatography. β-Lactoglobulin 238 was identified in the eluted fractions by means of a Western dot-blot assay using antibodies 239 specific for bovine β-lactoglobulin. It is apparent that β-lactoglobulin elutes in two places 240 consistent with our sedimentation experiments: late in the elution consistent with free β-241 lactoglobulin (see Box A in Fig. 4A ), and earlier in the elution at a location expected for a 242 much higher molecular mass species (Box B, Fig. 4A ). This suggests that β-lactoglobulin is 243 present in milk as two populations of different sized species, which agrees directly with what 244 is seen in the AUC experiments. The importance of this result lies in the fact that the size-245 exclusion chromatography separation involves endogenous β-lactoglobulin that has not been 246 recombinantly expressed or modified in any way, yet the same outcome is seen. unlikely to be an association between β-lactoglobulin and kappa-casein. Given the size of the 268 11 complex (8-10 S), we hypothesised that β-lactoglobulin interacts with immunoglobulin 269 proteins present in milk.
270
The fractions of milk eluted from size exclusion chromatography, as described above, were 271 also probed with anti-bovine IgG, IgA and IgM antibodies. It is apparent that these 272 immunoglobulins co-elute from milk in the same fractions as the higher molecular mass 273 bovine β-lactoglobulin (Fig. 4B) . This is consistent with bovine β-lactoglobulin binding 274 immunoglobulins in milk to form the higher molecular mass species seen in the 275 sedimentation velocity experiments.
276
To confirm that β-lactoglobulin interacts with immunoglobulins, the sedimentation of bovine We propose that the physiological function of β-lactoglobulin within ruminant milks is to 300 protect immunoglobulins, particularly IgG, from digestive enzymes as they traverse the 301 digestive tract, leaving them available to provide immune protection to the ruminant 302 offspring.
303
Given the abundance of β-lactoglobulin in ruminant milk, and its absence in the milk of 304 humans, it is unlikely that this protein would fulfil a role that is necessary in humans. In 305 primates and lagomorphs (e.g. rodents and rabbits), species that lack β-lactoglobulin in their 306 milk, IgG is transferred to the foetus via the placenta, and the offspring is born with 307 circulating IgG (30). Conversely, the offspring of ruminants (such as cows and goats) are 308 born agammaglobulinemic (i.e. with no circulating antibodies) and thus fully rely on the 309 uptake of IgG from colostrum and milk to provide immune protection (30). Ruminant milk is 310 therefore high in IgG (31).
311
We have shown here that bovine and caprine β-lactoglobulin are capable of interacting with 312 immunoglobulins within cow and goat milk. Importantly, the resistance of β-lactoglobulin to 313 gastric digestion is well known (15). The binding of β-lactoglobulin to immunoglobulins may 314 serve to increase their resistance toward proteolysis during transit through the gastrointestinal 315 tract. This would be particularly relevant for IgG, given its importance for transferring 316 immunity in ruminants.
317
A structure of the complex between β-lactoglobulin and these immunoglobulins is necessary 318 to fully understand the nature of this binding interaction. The crystal structure of bovine β-319 lactoglobulin in complex with an IgE Fab fragment has been reported (32). This complex 320 demonstrates the interaction between an allergen and the antigen-binding region of the 321 antibody, which provides structural insight into the recognition of this milk antigen by the 322 human immune system. Immunoglobulins and β-lactoglobulin within milk would be expected 323 to bind using a different mechanism. This could involve the heavy chain region of the 324 immunoglobulin, rather than the Fab region, as the latter mechanism would likely elicit 325 unwanted immune responses.
326
In conclusion, an interaction between β-lactoglobulin and immunoglobulins within both cow 327 and goat milk has been identified for the first time, using analytical ultracentrifugation and 328 size-exclusion chromatography experiments. We propose that this interaction with protease-329 resistant β-lactoglobulin protects immunoglobulins, essential to immunity of the neonate calf 330 or kid, from proteolytic attack. 
